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Mean Lives of Positrons in Aqueous Solutions#
Jerome E. Jackson

and
John D, McOervey

Lol Western Reserve University
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mgirenent of the time distribution of positrmn ennihilations in aqueous

solutions, reaction rates for oxidation of positronium by the lons MnQ) 103 9

and Hg”’hg:ve been determined. In strong oxidizing solutions the mean life of the

-+

positrons reaches a lower limit of li.3 x X020 sec; the short lifetime c&’ai/n

water was measured ard found to agree with this value. A Pb(ClOﬂ)é’-Z.Rzno gsolution

reduced the intensity 12’ with no significant change in the long mean life z;/q:

an effect previously observed in nitrate solutions. This may mean that in these
two cases oxidation can occur before Ps is thermalized but not afterwards. The
decay distributions from a mixture of ug""i:d MwL/{om in solution and the Hg"“’L
ion in separate solutions with 01°);nd Glo{ ffﬁg‘;.cated an association taking place
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"The study of positron annihilations in liquids is directed toward
understanding the type of intersstion that leads to the forwstion or de
struction of bound states prior to amihilation. In water approximately
1/3 of the positrons pair with an electron through an electrostatic attrace
tion forming a hydrogen=like system called positronium (Ps). This system
is oonsidered stable even though the electron and positron annihilate in
s short time. Conditions are favorable for Ps formetion whep the positrons
entering water are slowed bty inslastic crllisions to an energy that lies
in the range called the *Ore gap“. For the positron to be within the Ore
gap its energy mist be less than the first exitation potentisl of the
lum molecules, btut not below the first joniszation potential minus
the binding energy of Ps (B, 2 KE & By -Ep).

The paired electron and positron in positronium may form a singlet
(spins antieparellel) or triplet (spins parsllel) state. The mean life
for the singlet state is 1.25 x 10" seq, decaying ty self-annintlation.
The triplet state lives mich longer, 1.4 x 10™7 gec, thus allowing other
decay mechanisus t0 take place before self-armnihilatiomn. -

The formstion of Ps in water was demonstrated by the positron 1ife-
time measuremsnts of Bell and Orehem.l Later Green and Bell found a
oomplex deday with about 20f of the positrons having a long mean life,

T2 = 1.8 £ 10”7 sec, and the rest having & mean 1ife of about 3 x 10™0
ses. The positrons with the short mesn life reach thermal energy withe
out capturing an electron, and amihilate as fres positrons. Those with
the loog meen 1ife forw triplet Ps and ate partially shielded from the
surrounding electrons, btut eventually decsy ty annihilations with neighbore
ing eleotrons by the *plokelf® process.’
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The existence of an atom of P5 in water ensbles one to study ohealoal
reactions between it and ions in solution. When good oxidising agents sre
added to water, the ions formed capture the electron from the Ps atom.

This leaves the positron with an energy too low to form another Ps atom.
Without ite paired electron the positron is no longer shielded from other
electrons, thus its mean life in water is shortened. This effect on the
neun life has been previously observed for the ions Hg**, Sn***% and st** JU
Measurements of the angular correlation of the two amihﬂation gamma rays
also indicetedthe oxidation of Ps by the ions Ca*"and Mn0y .5

In a collision the Ps atom may be destroyed by oxidation if the electron
energy level of the resulting product ion is lower than it was in Ps.

Even when the electron energy level for Ps is lower then the product ion,
the transfer of an electron may still be possible if the lacking energy
is supplied by the kinetic energy of the reactants. The lower the product
ion energy level the better it performs as an oxidiszing agent; the corress
ponding oxidation potential is chosen here to become more positive and is given
in table I in this sense. The oxidation potentials only partially reflect
the ability of these ions to act as oxidiszing agents of Ps, The value for
an ion's oxidation potential is obtained in many cases from a cell reaction
involving seversl electrons, whereaswhen this ion reacts with Ps, only one
* J electron §s transfered. An exasple of what may happen is given by the
;0," ion in tadble I; its oxidation potential wus determined from a cell
‘reastion {mvolving six electrons, It is sesn that the IOy ion has & higher
oxidstion potential than the Hg' and MaD) loms, but is the least effective
a8 an oxidising sgent.
The reaction between Ps and an oxidising ion is different in another
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way from the usual oxidstionsreduction process; the Ps resstion does not
come t0 equilibrium. The reverwe reaction involving the reduction of
Pldoumthke:;h«, because the Ps ion a positron will decay almost
immediately. Without equilibrium, definite limits cannot be assingend to
the oxidation potential or binding energy of Ps in solution.! The decay
distritutions of positrons in these solutions where chemical reactions
take place do give definite information. The observed lifetime of Ps pro-
vides a direct measurement of the forward reaction rate of Ps wth an oxidise
ing ion.

EXPERIMENTAL PROCEDURE

A S wicro curle source of Ns?? in the form of NaCl dissolved in HOL
was evaporated t¢o dryness in a glass vial, lcm in diameter and 3 om high.
The solution studied was then deposited in the vial and sealed, With this
arrangement less than 28 of the positrons annihilated in the glass. Na>2
exits almost aMhmha@ithal.BMm rayj the pose
itron annihilates in the solution giving off two (511 Mev gamme rays.
The apparstus messures the time interval between the muclesrgazms ray end
one of the annihilation gamm reys.

Details of short lifetime measuremtnts are well known. Two scintillae
tion counters view the rediation; a pulse from om dynode of each counter
goes to an amplifier and pulse height selector which selects a 1.3 Mev
gasma ray from one counter and a <511 Mev annihilstion gamma rey from the
other. When the two selector cutputs are in coincidence, a gate is open~
od allowing a sixty chamnel pulse height anslyser to accept and sort a
pulse from a timeetoeamplitude converter. The converter output is progore
tional to the time difference bLetween fast pulses in the two oocunters.
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Neasured delay cables inserted between the oounter and donverter inputs
establish the time scale by shifting * the eak of the distribution a given
smount. This calibration vas linear to within 25 and remained stable to
within 2% over periods of seversl days. A *proupt® curve, obtained by
using the gamma rays of Co%C (see Pig. 1).m.w1dthathn1t-m'
of 0,75 x 10 gec. ' |

After approximately a ten hour mn a distribution of positron life-
times was obtained, The right hand slope of the distritution gives the
mean life of the positrons in a particular liquid environment.

RESULTS AND DISCUSSION

Considering just fhe two major process, pickoff and oxidation, the
total snnihflation probability was found to be the sum of the probabilitiss
for each decay mechanism. For sufficiently long times the observed decxy
constant A will be Ac= Aot dp 1 Aerdpe A¢  or

Ae = A¢ I Ae+Ap2 Af » vhere

Ao 1s the oxidation probability per unit time, A,1s the pickeff annihilae
tion probalility, and s is the free positron annihilation probability per
unit ﬁ.ph

The tims distritution of positron decay in the solutions KMnO) , HgQly,
mxm,w-mm-mmmwmtummnorm
taking place. Two effects serve as evidence that Ps is really oxidised.
First, the amount of the oxidizing agent added to shorten the mean life
from wvater by a given amount is related to the oxidation potential of the
negative or positive 1on in question (Mn0; , 'ﬁ': I0y ). Second, the varia-
tion of positron mean life with different concentrations of these solutions
indicated that A is proportional to concentretion; this proportionality
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is showm in Fig. 1 for a KMn0), solution. In Fig. 2 the mean life of the
positron was plotted as a function of concentration; the solid curve ws
drawn under the assumption that Ae is proportional to concentration. The
cbserved mean 1ife, T4 , was caloulated as a function of . by letting
Ao vary by factors of two in “units" of ),, corresponding to similar
changes in ooncentration. _'l‘ho experimental points provide a good fit to
the calculated curve.

In the region of high concentrations Fig.2 also shows that the curves
for KMn0) and HgClp reach a conetant value; this value is almost the same
for both solutions and equals approximstely b.3 x 10720 gec. At these
concentrations, where the condition A.f,\,.s A¢ is fullfilled, a constant
mean life is expected, namely t o In the limit of high concentrations
the oxidising ions destroy Ps as quickly as it is formed leaving all the
positrons free in water with a constant probability of decay.

The lower limit of T, at high concentrations is a convincing demon~
stration of the oxidation phenomenon, if it could be shoun that the value
for this mesn lifs can really be assigned to free positrons in solution.

A separate determinstion of ;{-‘ can be made from the complex decay of positrons
in pure water. Thodmityotulﬂ;!nhtionotmhnm;wgmr
than water and is therfore similar to water, as far as free thermalised
positrons are conoerned. The slope off 1oig exponentisl in water, determined
bty the decsy of triplet Ps through the pickoff process, was extrepolated

to t =0 and subtected from the total ocounts to obtain the short lived
component (Fig. 3)c The short mean 1ife 7, comes from the amihilation

of free positrons in wter. The mean life calculated in this way was

(he2 t .2):10‘1°nc. The close agresment between 7, and the limiting

i |



mean life verifies that an oxidation pmoess mummw-inthuo

: solutions. '

; The earlier result of 3 x 1020 gec obtained by Bell and Grsham using
the "centroid shifte method does not agree with this value. Gerholm pointed
out, however, that an error of the order of 10°1° sec from the instrue
mentation alone was possible in their results.®

cmidorlng the complex nature of solutions, it is surprising that

the explamation of the above data could be given in terms of just two

prooesses; oxidation and pickoff, and that A, is simply proportional to
eouocntx;tion. To pursue the validity of these assumptions further, the
solutions ‘Hg(810))o°5H0 and HgCl; were studied. The negative lons Gl
and C10j, produce no oxidation; solutions with the G~ ion have been studied
previously,’ and the solutions Ba(C10,), and 11(Cl0)), studied in this
work, gave similar results of causing no oxidation. The 1/8 M solution
of Hg(010}),°M 0 reduced the Ti component, by oxidation; but by an amount
less then the Hg* 1on in & 1/8 M solution of HgOlye This seems to indi-
cste a greater association between the C10;, and Hg  ions, vhich reduces
the ability of Rg'’ to oxidise Ps. There is supporting evidence for this
reasoning £rom chemical data which gives the Cl0, ion a arger associe-
tion constant than C1 .

Another test of the association effect was made bty mixing a 1/16 M

. solution of Hglly with a 1/32 M solution KMnOe The obeerved mean life
for positrons wes grester than in the pure D0y, indicsting some type
of agsooistion which greatly reduced the oxidising power of both the Hg™*
and Moy done. '

The intensity of the long lived component is a messure of the rume
ber of positrons that form thermalised triplet Ps, The intensity was




taken as the percentage of true ocunts in the long lived exponential to
mwmrumummmm. In water and poor
oxidising solutions that cause no significant decresse in Ti. , the inm
tensity wes 2158, A 2 M solution of Pb(C10)),*3Ha0 Wﬁmw
od decrease in the intensity, see Fig. L. A similar result was obtained
for MNO3 by Green and Boll;.a large reduction in intensity was observed
with no significant change in the long lifetime itself.2 This effect was
explained bty assuming that many of the free positrons are captured by the
¥y~ 1on forming a stable compound, Thevnew "moleoule” then decays at &
rete comparsble to ainglet Ps, thus reducing the intensity. By assuming
this slectron capture process the variation of intensity as s funstion
of NO3~ concentration was uplt:l.ind; however, mwwmw’-m-
vhat unsatisfactory vhen this effect did not even appear /P8 other
monovalent negative dons { C1° , G103", C10,”, B0y, 105 , md Madj ),
studied in this work, but doss appear associated with ths positive Pb*™
~.(uv:hgndot.aﬂ.oclpi.cximl'l.oft.ho()mgapi.nloam:l‘cx].iqui.ﬂm.d‘.hm'
would be difficulit, tut a closer consideration of the energy available
fwntmtmﬂmQmeuummmammwo;um.
mnm-vbtomdvithnmwotnptpzﬂ,lmm
mmmwm. Even though the thermslisation time is
approximstely 10710 geq, one would expect that with this added kinetio
energy the Ps atom oould be oxidised by an agent whose electron affimity
1 solution is equal to or less than the Ps stom. Sinoe in the experimemt
the redistion is viewsd at tines long coupared to the thermalisation tims,
\his effect would Just appeer as & decresse in the intensity of the long



lived component. The couolusion is that Ps can be oxidised before it is
thermalised by the Pb™ and WOy ions, but mot aftervards.

The speed of the resction between Ps atoms and both negative and
-positive ions has been measured directly. This speed was not only related
to the oxidation potential of the ions, tut also to the degree of assoce
iation occuring in the solution. Future studies involving hoth lifetime

and intensity messurements mey help to give more information on the nature
of chemical bords in solution.
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